The reaction coordinate of the S 1 -S 0 internal conversion of azulene has been analyzed using ab initio complete active space self-consistent field method. The stable geometry in S 0 ͑S 0 geometry͒ takes a bond-equalized structure where all the peripheral skeletal bond distances are similar to an aromatic CC bond distance. The transannular bond is similar to a normal C-C single bond. The first event upon electronic excitation into S 1 at S 0 geometry is characterized by the following two simultaneous changes in the skeletal bonds; the transannular bond in S 1 increases its double bond character and the aromaticity of the peripheral bonds disappears. In consequence, the most stable azulene in S 1 ͑S 1 geometry͒ has a biradical character. To reach the conical intersection between S 1 and S 0 ͑S 1 / S 0 -CIX͒ where radiationless relaxation takes place, the seven-membered ring greatly deviates from a planar structure. After a transition into S 0 at S 1 / S 0 -CIX, the bond-equalized structure is recovered immediately and then the nonplanarity decreases so that azulene again takes the stable planar S 0 geometry. In order to deepen the understanding of the S 1 -S 0 internal conversion, the dipole moments along the reaction coordinate have been analyzed.
I. INTRODUCTION
The photochemical behavior of azulene has been of great interest from experiment and theory. Beer and LonguetHiggins first discovered the violation of Kasha's rule; 1 the S 2 -S 0 is fluorescent, while the S 1 -S 0 is substantially nonfluorescent. Huppert et al. confirmed that the quantum yield of S 1 -S 0 fluorescence is extraordinary small ͑ f ϳ 10 −6 ͒. 2 Since then, many spectroscopic techniques have been applied to the estimation of the radiationless decay rate of the S 1 -S 0 internal conversion ͑IC͒ process. Amirav and Jortner reported that the lifetime of azulene in supersonic jets is 0.8 ps for the S 1 electronic origin and becomes shorter as the excess vibrational energy increases. 3 Suzuki and Ito estimated the decay time to be about 1 ps by two-color population labeling technique. 4 They commented that the low-frequency mode between S 1 and S 0 is responsible for the fast IC rate. By means of subpicosecond pump-probe spectroscopic experiment, Wagner et al. observed a similar decay time ͑1 ps͒ and furthermore that the decay rate remains unchanged up to an excess energy of ϳ2000 cm −1 . 5 They also pointed out that the high frequency modes due to the C-H stretches do not affect the IC rate. Very recently Foggi et al. measured the excited state absorption spectra which lead to a result that the decay time constant is at most 1.4 ps. 6 Despite many challenges on the experimental side, a theoretical approach to examine the S 1 -S 0 IC process was very limited, while many computational studies clarified the electronic structures and the stable geometries around the FrankCondon region. [7] [8] [9] [10] Bearpark et al. tried to locate the conical intersection between S 0 and S 1 ͑denoted by S 1 / S 0 -CIX hereafter͒ to propose a picture of the S 1 -S 0 IC process. 11 Their S 1 / S 0 -CIX is characterized by the following: ͑i͒ S 1 / S 0 -CIX takes a planar structure with C 2v symmetry, ͑ii͒the bondequalized structure in the peripheral C-C skeleton, which is characteristic in S 0 , disappears, and ͑iii͒ the transannular bond shrinks from a normal C-C single into a normal C v C double bond.
Recent spectroscopic experiments give evidence of the energetic location of S 1 / S 0 -CIX. Ruth et al. observed the characteristic behavior in jet-cooled azulene as a function of the excess energy; 12 at 1000-1200 cm −1 above the S 1 electronic origin, a steadily increasing background is observed. At 2100 cm −1 above the S 1 origin, the rotational linewidth exhibits broadening. Wurzer et al. also made a similar observation of the behavior of azulene in condensed phase. 13 The decay time is 1.7 ps for the vibrationless S 1 state and 0.4 ps for an excess energy of 1300 cm −1 . An upper limit of 2300 cm −1 is the energetic location of S 1 / S 0 -CIX responsible for the ultrafast decay. In addition, they observed strong oscillatory signals due to low-frequency out-of-plane vibrations, although other authors also commented on the contribution of the out-of-plane motion to the IC process. 4, 5, 12 This observation forces us to modify a theoretical picture by Bearpark et al. or to present a new one. This is one of the motivations for the present study. There is another motivation for our computational study. In most cases, one of the internal degrees of freedom can be regarded as a good reaction coordinate to describe a reaction. In the S 2 -S 1 IC process and the charge transfer ͑CT͒ formation of dimethyaminobenzonitrile, for instance, the torsional angle of the dimethylamino group is a good reaction coordinate.
14 In some cases, however, concerted changes of two or more internal degrees of freedom are essential for a realistic reaction path so that calculation of intrinsic reaction coordinate is a more promising approach than the scanning a͒ the potential energy surfaces along one of the internal degrees of freedom. By virtue of reaction coordinate analysis, we pointed out that the S 2 -S 1 IC of phenylacetylene effectively takes place by strong potential energy coupling among the internal coordinates. 15 In other words, we found that there is no way to properly describe the potential energy surfaces of this process with respect to only one internal coordinates. For the description of the S 1 -S 0 IC of azulene, it seems that taking the intrinsic reaction coordinate is always better than choosing an arbitrary reaction coordinate, and that is especially true for molecules with rings because atomic displacements are collective. Therefore, we took a computational approach of the intrinsic reaction coordinate analysis to examine the S 1 -S 0 IC of azulene.
The present paper is organized as follows. In the next section, we describe the method of calculation. In Sec. III, we mention the electronic and geometrical structures at important conformations. Then we comment on the geometry and the dipole moment along the reaction coordinate. Based on the computational findings, we give a new picture on the S 1 -S 0 IC process of azulene which enables us to interpret the recent experimental findings.
II. METHOD OF CALCULATION
In order to calculate the reaction coordinate, we adopted ten electrons in ten orbitals ͓denoted by ͑10, 10͒CASSCF͔, of which all five -occupied and the lowest five * -unoccupied orbitals are included. In the present calculation, we imposed the constraint of C s symmetry ͑see Fig. 1͒ . In other words, a planar structure of azulene is designed to have C 2v symmetry but a nonplanar structure is also allowed under the constraint of C s symmetry. In the Appendix, we described why the symmetry constraint was imposed. First of all, we optimized three important conformations for the S 1 -S 0 IC process; the minima in S 0 and S 1 ͑denoted by S 0 geometry and S 1 geometry͒ and the conical intersection between S 1 and S 0 ͑S 1 / S 0 -CIX͒ where the radiationless relaxation takes place. Only in the optimization of S 1 / S 0 -CIX, we adopted a smaller ͑8,8͒CASSCF to reduce the computational labor. However, after determination of S 1 / S 0 -CIX by ͑8,8͒CASSCF, we performed a ͑10,10͒CASSCF calculation at S 1 / S 0 -CIX to verify that the energy difference between S 1 and S 0 is small enough to be a CIX. This implies that a much more computationally demanding ͑10,10͒CASSCF gives an S 1 / S 0 -CIX similar to that by ͑8,8͒CASSCF. Next we calculated the intrinsic reaction path ͑denoted by path A͒ on the S 1 surface which starts from the S 0 geometry and goes to the S 1 geometry. Then we followed two types of intrinsic reaction paths starting from S 1 / S 0 -CIX. One goes to the S 1 geometry in S 1 ͑path B͒; the other goes into the globally stable S 0 geometry in S 0 ͑path C͒. Except for the location of S 1 / S 0 -CIX by GAUSSIAN 03, 16 we used the GAMESS program with a basis set of Huzinaga-Dunning double zeta ͑DZ͒ and polarization functions augmented on carbon atom ͑␣ d = 0.75͒.
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III. RESULTS
A. Electronic structures and geometries at important conformations
We begin by making a brief mention of the electronic structures and geometries at important conformations for later discussion on the IC process. In Table I , we listed the characteristic optimized parameters at S 0 geometry, S 1 geometry, and S 1 / S 0 -CIX. Regarding S 0 geometry, all the peripheral CC bond distances are similar to an aromatic CC bond distance. So we hereafter call this the bond-equalized structure, for convenience. The transannular C 3 C 3Ј bond is similar to a single CC bond. From the dihedral angles in Table I , the S 0 geometry takes a planar structure with C 2v symmetry. These geometrical features are in good agreement with experimental findings of the stable geometry in S 0 . 18 In Table  II , we listed the electronic properties at the S 0 geometry. The calculated excitation energy into S 1 ͑1.952 eV͒ well reproduces the experimental vertical excitation energy Torsional angle ͑deg͒ ͑14 351 cm −1 , i.e., 1.779 eV͒. 19 This implies that the present ͑10,10͒CASSCF results are reliable enough for a quantitative discussion. The dipole moment in S 0 ͑0.715 D͒ is in good agreement with experiment ͑0.796 D͒. 20 The dipole moment in S 0 is directed from the five-membered ring into the sevenmembered ring. In other words, the electron population is higher in the five-membered ring. This can be interpreted in terms of a simple Huckel ͑4n +2͒ aromaticity rule. By electron transfer from the seven-membered ring into the fivemembered ring, the five-membered part becomes an analog of the aromatic cyclopentadienyl anion, while the sevenmembered part is the analog of the aromatic cycloheptatrienyl cation. The direction of the dipole moment is reversed upon electronic excitation into S 1 . This is understood in terms of the nature of the highest occupied molecular orbital ͑HOMO͒ and lowest unoccupied molecular orbital ͑LUMO͒ because the S 1 state is well described by the HOMO-LUMO single excitation. As seen in Fig. 2 , the electron tends to be much more populated in the seven-membered ring upon electronic excitation into S 1 . We will discuss the electron population in more detail later.
The S 1 geometry also takes a planar structure with C 2v symmetry ͑see the relevant dihedral angles in Table I͒ . However, the skeletal bond distances are very different from those at S 0 geometry. The transannular C 3 C 3Ј bond increases its double bond character. Concomitant with the shortening of the transannular bond, the peripheral CC bond distances change and C 2 C 3 and C 3 C 4 ͑also C 2Ј C 3Ј and C 3Ј C 4Ј due to the constraint of C s symmetry͒ which are bonded to the transannular C 3 C 3Ј bond become longer, while C 4 C 5 shrinks and C 5 C 6 elongates. The skeletal changes upon electronic excitation into S 1 can be related to the nature of molecular orbitals ͑MOs͒. As mentioned above, the S 1 state is well described by the HOMO-LUMO single excitation. In the transannular C 3 C 3Ј part, the character of MOs changes from antibonding ͑in HOMO͒ orbital into bonding ͑in LUMO͒ orbital, so the C 3 C 3Ј bond shrinks in S 1 . The changes of the peripheral CC bond upon electronic excitation into S 1 can be also related to the changes of the MO nature in the relevant parts. By fragmentation of azulene into the three parts defined in Fig. 3 , we can also understand the feature of S 1 geometry. Fragment A resembles the skeleton of allyl radical. Fragment B has an ethylenic character, as mentioned above. Fragment C resembles the skeleton of 3-penta, 1, 4-dienyl radical. Therefore, we conclude that the S 1 geometry has a diradical character.
In Table III , we listed the electronic structure at S 1 / S 0 -CIX by means of ͑10,10͒CASSCF. The energy difference ͑0.179 eV͒ is not zero because we evaluated the energy difference by ͑10,10͒CASSCF at ͑8,8͒CASSCF S 1 / S 0 -CIX geometry, although it is zero by ͑8,8͒CASSCF, of course. Considering that a CIX is a cusp in mathematical sense and therefore a tiny geometrical change around a CIX can cause a large separation of the two surfaces. The energy difference of 0.179 eV is small enough for the geometry to be a good approximation to the ͑10,10͒CASSCF CIX. The direction of the dipole moment suddenly changes at S 1 / S 0 -CIX. As mentioned above, the sudden change of the direction of the dipole moment can be related with the nature of MO ͑see Fig.  4͒ . At S 1 / S 0 -CIX the C 2 C 3 , C 3 C 4 , and C 5 C 6 bonds become longer than those at S 1 geometry, while the C 4 C 5 and C 3 C 3Ј bonds become shorter. However, the most characteristic difference between S 1 geometry and S 1 / S 0 -CIX is that S 1 / S 0 -CIX takes a nonplanar structure where the C 5 C 6 C 5Ј part in the seven-membered ring is located out of the The energy is relative to that in S 0 at S 0 geometry. b Due to the nonplanarity at S 1 / S 0 -CIX, the z and y directions are different from the original space-fixed coordinate in Fig. 1 . By diagonalizing the tensor of the moment of inertia, we determined the new z and y directions.
The new z and y components of the moment of inertia correspond to the smallest and the largest components, respectively. Table I͒ . Geometrical changes in fragment C show an increase in radical character because the unpaired electron on the C 6 atom becomes more off-resonant with the adjacent ethylenic parts of C 4 v C 5 and C 4 Јv C 5 Ј ͑see LUMO in Fig. 4͒ . In consequence, S 1 / S 0 -CIX is characterized as a nonaromatic diradical species with a nonplanar seven-membered ring. This is fundamentally different from the planar S 1 / S 0 -CIX by Bearpark et al. 11 So we performed an additional optimization of S 1 / S 0 -CIX by ͑8,8͒CASSCF under C 2v symmetry. It is found that planar S 1 / S 0 -CIX in Table I is similar to that by ͑6,6͒CASSCF of Bearpark et al.. However, planar S 1 / S 0 -CIX is unrealistic in two ways:͑i͒ the planar S 1 / S 0 -CIX cannot explain the experimental finding of strong out-of-plane oscillations before the decay process and ͑ii͒ the energy at planar S 1 / S 0 -CIXs ͑2.233 eV͒ is higher than that at nonplanar one ͑1.982 eV in Table III͒ . We will discuss the role of nonplanarity at S 1 / S 0 -CIX in relation with experimental finding later.
B. Reaction coordinate of S 1 -S 0 IC process
Our next concern is how the S 0 geometry changes into S 1 geometry and S 1 / S 0 -CIX ͑see Fig. 5͒ on the S 1 surface and then how S 1 / S 0 -CIX is geometrically relaxed into the S 0 geometry on the S 0 surface. In order to give an answer to this question, we describe the intrinsic reaction coordinate of the S 1 -S 0 IC process upon electronic excitation into S 1 at the S 0 geometry. In Fig. 6 , we show the energy profiles of paths A-C. Path A, for which the reaction coordinate is labeled as s A , starts from S 0 geometry in S 1 and converges into the most stable geometry in S 1 ͑i.e., S 1 geometry͒ ͓see Fig. 6͑a͔͒ . Paths B and C, for which the reaction coordinate is labeled as s BC in Fig. 6͑b͒ , start from S 1 / S 0 -CIX and converge, respectively, into S 1 geometry in S 1 and S 0 geometry in S 0 . In Figs. 7 and 8 , we show characteristic geometrical parameters along the reaction coordinate. From energy profiles and geometrical changes, we can determine that the S 1 -S 0 IC process of azulene consists of three processes, denoted as PR1, PR2, and PR3 hereafter. In the following paragraphs, we discuss these processes in relation to geometrical changes.
In PR1 ͓see Fig. 6͑a͔͒ , the energy in S 1 is lowered only by 0.396 eV but the skeletal bond distances change greatly ͓see Fig. 7͑a͔͒ . The transannular C 3 C 3Ј bond immediately shrinks and is close to a normal C v C double bond. The peripheral CC bonds which are similar to each other at s A = 0.0 exhibit three types of changes. The C 2 C 3 , C 3 C 4 , and C 5 C 6 bonds become longer, and the C 4 C 5 bond becomes shorter but C 1 C 2 is almost constant. These geometrical changes of the skeletal bond distances in PR1 can be rationalized in terms of the nature of HOMO and LUMO, as already discussed in Sec. III A. In PR1, the dihedral angles remain to be 0°or 180°͑not drawn in a figure͒. In other words, azulene maintains a C 2v structure in PR1.
In Fig. 8 , we show the characteristic changes of the dihedral angles. From this figure, it is found that the sevenmembered ring mainly takes a nonplanar structure. In s BC Ͻ −1.2 ͑precisely s BC = −1.241͒, the skeletal bonds remain almost as in the S 1 geometry, while the dihedral angles in the seven-membered ring take large nonzero values and the C 6 C 5 C 4 C 3 angle takes a maximum at s BC = −1.2. Considering that the energy change is small in s BC Ͻ −1.2, azulene in PR2 is very floppy with respect to the out-of-plane motion in the seven-membered ring. In −1.2ഛ s BC ഛ 0.0 ͑i.e., in the vicin- ity of S 1 / S 0 -CIX͒, in turn, the skeletal bonds change so much; C 2 C 3 , C 3 C 4 , and C 5 C 6 further elongate and C 4 C 5 and C 3 C 3Ј further shrink concomitant with the changes of the dihedral angles in the seven-membered ring. The large geometrical change of the seven-membered ring in the vicinity of S 1 / S 0 -CIX is interpreted as follows. The out-of-plane motion is inherently floppy in S 1 . However, to reach the highly distorted conformation of S 1 / S 0 -CIX from S 1 geometry, further torsions of C 5Ј C 6 C 5 C 4 and C 5 C 4 C 3 C 3Ј angles, which are assisted by increase of C-C single bond character in the C 5 C 6 and C 3 C 4 bonds, are needed. Concomitant with these bond elongations in the -conjugated system, the C 4 C 5 and C 3 C 3Ј bonds necessarily shrink further. Because of the increase of the double bond character in C 4 C 5 , the C 6 C 5 C 4 C 3 skeleton comes to prefer a planar conformation so that the dihedral angle of C 6 C 5 C 4 C 3 , in turn, becomes small. In conclusion, the role of the torsional motion of C 6 C 5 C 4 C 3 is changed at s BC = −1.2; in s BC Ͻ −1.2, it only reflects the floppy zero-point vibration around S 1 geometry, on the other hand, in −1.2Ͻ s BC ഛ 0.0, the C 6 C 5 C 4 C 3 torsional motion is beyond the reflection point due to the zero-point vibration and significantly assists azulene to take highly distorted S 1 / S 0 -CIX.
After relaxation into S 0 at S 1 / S 0 -CIX ͑i.e., PR3 ͑s BC ജ 0.0͒͒, the energy is immediately lowered in 0.0ഛ s BC ഛ 1.8 and finally settles down into the energy at the most stable geometry in S 0 ͑i.e., S 0 geometry͒. In 0.0ഛ s BC ഛ 1.8, the skeletal bonds as well as the dihedral angles in the sevenmembered ring change greatly. The transannular C 3 C 3Ј bond quickly elongates up to a normal C-C single bond. The peripheral C 2 C 3 , C 3 C 4 , and C 5 C 6 bonds shrink and the C 4 C 5 bond elongates concomitant with elongation of C 3 C 3Ј . In consequence, all the peripheral CC bonds converge to an aromatic CC bond distance. In other words, the skeletal recovery of aromatic S 0 geometry is completed during the early stage after relaxation into S 0 . At s BC = 1.835, the dihedral angle of C 6 C 5 C 4 C 3 takes a maximum. In s BC Ͼ 1.8, the energy does not decrease so much but the nonplanarity in the seven-membered ring is still large. This means that the outof-plane motion of the seven-membered ring is floppy in S 0 . Therefore, we have a similar conclusion that the meaning of the torsional motion of C 6 C 5 C 4 C 3 is changed at s BC = 1.8; in 0 ഛ s BC Ͻ 1.8, the skeletal recovery from the highly distorted S 1 / S 0 -CIX takes place and is strongly coupled with the outof-plane motion in the seven-membered ring. In s BC Ͼ 1.8, it only reflects the floppy zero-point out-of-plane vibration in 
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Internal conversion of azulene J. Chem. Phys. 125, 174311 ͑2006͒ S 0 . Incidentally, it was found that the C-H bond distances remain almost unchanged in all the processes of PR1, PR2, and PR3. This is in agreement with the experimental finding that any high frequency mode due to the C-H stretches does not affect the IC process.
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Based on the above discussion, we can depict the S 1 -S 0 IC of azulene as shown schematically in Fig. 9 . Here we define two coordinates. The "nonaromaticity" is a measure of how much azulene loses its aromaticity characterized by a bond equalized structure. The "nonplanarity" is a measure how much the seven-membered ring of azulene takes a nonplanar structure. So the origin of "S 0 geometry" means azulene takes an aromatic and planar structure. S 1 / S 0 -CIX is greatly nonaromatic and nonplanar. In the first process, the loss of the aromaticity takes place to reach the most stable geometry in S 1 ͑i.e., S 1 geometry͒, keeping a planar structure. In the second process, the out-of-plane motion of the sevenmembered ring becomes important to reach S 1 / S 0 -CIX. After relaxation into S 0 at S 1 / S 0 -CIX, the recovery of the aromaticity which is strongly coupled with the out-of-plane motion in the seven-membered ring is a main event at the early stage and then the nonplanar structure gradually changes into planar and aromatic S 0 geometry. In conclusion, we can make a general comment on the S 1 -S 0 IC process of azulene as same as the S 2 -S 1 IC of phenylacetylene. 15 That is, the geometrical changes of some internal coordinates in a process bring about those of other internal coordinates in the following process. In other words, the strong mode couplings of the potential energy surfaces, which depend on the reaction coordinate, are a driving force for the effective and fast S 1 -S 0 IC process of azulene, despite the fact that the S 1 / S 0 -CIX is far away from S 0 geometry.
C. Dipole moment along the reaction coordinate
In Table IV , we listed the y and z components of the dipole moment ͑see The z and y directions are determined by the same way commented in Table III.   b Fragments A-C are defined in Fig. 3 .
nonplanarity of the seven-membered ring ͑see C 5Ј C 6 C 5 C 4 in Fig. 8͒ . In PR3, y exhibits a behavior opposite to that in PR2. That is, y in S 0 at S 1 / S 0 -CIX takes a negative value which is similar to that in S 1 . At s BC = 1.100, the sign of y changes from negative into positive. At s BC = 2.910, y takes a maximum value and again gradually decreases to zero. This characteristic behavior of y in PR3 can be explained in a similar manner of that in PR2.
The z component z exhibits an extremely interesting behavior along the reaction coordinate. The z component in S 0 at S 0 geometry is positive, meaning that the electron is more populated in the five-membered ring. Upon electronic excitation of S 1 at S 0 geometry ͑i.e., s A = 0.0͒, the electron is transferred from fragment A into C ͑see the definition of fragment in Fig. 3͒ , while the Mulliken charge population in fragment B is almost constant. In PR1, the dipole moment is not changed so much, despite the large skeletal change on the S 1 surface. However, the Mulliken population analysis shows that the electron is transferred even in PR1. That is, the electron moves from fragments A and C into the transannular part B. This can be rationalized by the fact that PR1 is a -bond formation process in the transannular C 3 C 3Ј bond region. In PR2, the electron transfer from A and C into B continues so that z monotonically decreases in negative. This is natural because the transannular C 3 C 3Ј bond increases a double bond character during PR2. At S 1 / S 0 -CIX, z takes a large positive value in S 0 . This is due to the electron transfer from C into A, while the electron population of the transannular part B is almost constant. In PR3, z in S 0 monotonically decreases and finally converges into that of S 0 geometry. However, in both PR2 and PR3, the behavior of z as a function of s BC can be classified into two types, as found in those of y ; in −1.2Ͻ s BC Ͻ 1.1 ͑i.e., around S 1 / S 0 -CIX͒, z changes so much because azulene undergoes a large skeletal change in this region. On the other hand, z does not change so much in other s BC because the skeleton remains almost unchanged and the floppy out-of-plane vibration in the seven-membered ring takes only around S 1 geometry or S 0 geometry.
D. Interpretation of experimental findings
Spectroscopic studies revealed that the S 1 -S 0 IC process is strongly dependent on the excitation energy. [3] [4] [5] [6] 12, 13 Thereby, it is found that S 1 / S 0 -CIX where the radiationless decay takes place is located at approximately 2000 cm −1
͑i.e., 0.248 eV͒ above the S 1 origin. By virtue of our present reaction coordinate analysis, however, we can give a more detailed picture of this process. In case of the electronic excitation into the S 1 origin, the lifetime of S 1 is 1 -2 ps. [4] [5] [6] 13 On the other hand, our reaction coordinate analysis gives the following three findings. ͑i͒ during the stay in S 1 , azulene undergoes a large geometrical change from S 0 geometry to S 1 geometry ͑nonaromatic, planar structure͒ to S 1 / S 0 -CIX ͑non-aromatic, nonplanar͒. ͑ii͒ The energy at S 1 / S 0 -CIX which is the relaxation point into S 0 is accidentally similar to that in S 1 at S 0 geometry which is the staring point. Even after second order multireference Möller-Plesset perturbation energetic correction, S 1 / S 0 -CIX is located only by 0.242 eV ͑ap-proximately 0.248 eV in experiment͒ above S 0 geometry in S 1 . ͑iii͒ The energies in S 1 at S 0 geometry and S 1 / S 0 -CIX are above that at S 1 geometry by approximately 0.40 eV. Considering the computational findings of ͑ii͒ and ͑iii͒, the energy available to the vibrationless azulene in S 1 is 0.40 eV at most and it is almost exhausted at the exit of S 1 / S 0 -CIX. In other words, the vibrationless azulene in S 1 at S 0 geometry can narrowly reach the highly distorted S 1 / S 0 -CIX through a large geometrical change. So our interpretation of the decay rate ͑1-2 ps͒ is an intrinsic time for the large geometrical change of ͑i͒ on the S 1 surface.
Our new computational finding enables us to give a reasonable interpretation of the experimental finding by Wurzel et al. 13 Considering the energetics of ͑ii͒ and ͑iii͒ as well as the nonplanarity of S 1 / S 0 -CIX, their experimental observation of strong oscillations due to the out-of-plane motions before the decay can be understood as follows. S 1 / S 0 -CIX can be classified as an impulsive sloped-type CIX in the nomenclature by Klein et al. 21 To reach S 1 / S 0 -CIX from S 0 geometry in S 1 , the out-of-plane motion in the sevenmembered ring is essential but it does not play an important role until azulene in S 1 passes over the most stable geometry in S 1 ͑i.e., S 1 geometry͒. In other words, the out-of-plane motion in the seven-membered ring is promoted on the impulsive S 1 potential energy surface between S 1 geometry and S 1 / S 0 -CIX. Therefore, any out-of-plane vibrations are inactive in the S 0 -S 1 electronic transition, nevertheless the strong oscillation of the out-of-plane mode is observed before the decay.
Another experimental finding is that exciting azulene 1000-1300 cm −1 above the S 1 origin gives a drastic decrease of the lifetime ͑approximately 0.4 ps͒ or broadening of the rotational line width. 12, 13 In this region, there are several totally symmetric in-plane ͑i.e., a 1 type under C 2v ͒ vibrations. One of the vibrationally excited states in S 1 helps azulene change from S 0 geometry into S 1 geometry, although we could not specify the vibrational state because two or more than vibrations are strongly coupled with each other in this region. So azulene with an excess energy of 1000-1300 cm −1 in S 1 can pass over S 1 geometry and finally reach S 1 / S 0 -CIX more effectively.
IV. CONCLUDING REMARKS
In this paper, we reported the reaction coordinate of S 1 -S 0 IC of azulene. Analyses of the reaction coordinate showed that several internal coordinates couple strongly with each other in the S 1 -S 0 IC process. Upon electronic excitation into S 1 , the aromatic bond-equalized structure immediately disappears so that azulene takes a nonaromatic planar structure with a diradical character. Then the out-of-plane motion in the seven-membered ring becomes important to reach a highly distorted S 1 / S 0 -CIX with a diradical character. Once azulene relaxes into S 0 at S 1 / S 0 -CIX, the aromatic bond-equalized structure is quickly recovered and finally a floppy out-of-plane motion is settled down. In all the stages of S 1 -S 0 IC process, the strong mode couplings among the internal coordinates on the multidimensional potential energy surfaces in S 1 and S 0 bring about an effective internal vibra-tional redistribution. The dipole moment component that is parallel to the long axis is strongly dependent on the electronic state and conformation. In S 0 , the electron population is larger in the five-membered ring, while it is larger in the seven-membered ring. The experimental finding of the strong out-of-plane oscillation before the S 1 -S 0 IC decay can be rationalized by the present reaction coordinate analysis: ͑i͒ the out-of-plane motion in the seven-membered ring becomes important only after passing over the stable geometry in S 1 to reach S 1 / S 0 -CIX and ͑ii͒ the S 1 energy at the exit geometry of S 1 / S 0 -CIX is comparable to that at the starting geometry in S 0 . So azulene without excess energy in S 1 can narrowly reach S 1 / S 0 -CIX, while azulene with excess energy contributing to the skeletal deformation into S 1 geometry can reach S 1 / S 0 -CIX much faster.
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APPENDIX
As several authors reported, 7-10 the stable geometry in S 0 is strongly dependent on its computational method. The stable geometry in S 0 ͑S 0 geometry͒ is classified into two types ͑see Fig. 10͒ : one is an aromatic bond-equalized conformation where all the peripheral CC bonds are similar to an aromatic CC bond and the other is a bond-alternant conformation where the peripheral CC skeleton alternates the C v C double bond with the C-C single bond. In Table V , we listed the optimized skeletal bonds with our present basis set of DZ+ polarization quality. In any computational methods, the stable geometry in S 0 takes a planar structure. However, only the second order Möller-Plesset perturbation ͑MP2͒ method gives a reasonable bond-equivalent structure ͑i.e., C 2v geometry͒, while the other methods give an unrealistic bond-alternant structure. This implies that the dynamic electron correlation which is included only in MP2 method is an essential factor to obtain a reasonable geometry in S 0 . Then we performed additional complete active space selfconsistent field ͑CASSCF͒ optimization under constraint of C 2v symmetry. As seen in Table V , the optimized geometry under C 2v constraint gives a similar result by MP2 method. So we made energetic corrections at the C s and C 2v CASSCF geometries by means of multireference MP2 ͑MRMP2͒. It is found that the C 2v geometry ͑i.e., aromatic bond-equalized structure͒ is a bit more unstable by 0.025 eV than the C s geometry ͑bond-alternant structure͒ but it becomes more stable by 0.165 eV after energetic MRMP2 correction. From these computational findings, we have to impose the C 2v symmetry constraint to obtain a reasonable bond-equalized structure in S 0 by the present ͑10,10͒CASSCF method. However, azulene takes a nonplanar structure at S 1 / S 0 -CIX, as we point out in the text. So we loosened the geometrical constraint from C 2v into C s symmetry of which plane is defined by yz plane in Fig. 1 . Regarding the stable geometry in S 1 , the C 2v structure can be obtained by ͑10,10͒CASSCF method without any additional energetic corrections. The numbers in the parentheses are the corresponding bond distances in the yz plane in Fig. 1 .
